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1
METHOD OF FORMING GA203-BASED
CRYSTAL FILM AND CRYSTAL
MULTILAYER STRUCTURE

The present application is based on Japanese patent appli-
cation No. 2013-265771 filed on Dec. 24, 2013, the entire
contents of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a method of forming a Ga,O;-
based crystal film, and a crystal multilayer structure including
the Ga,O;-based crystal film.

2. Description of the Related Art

A technique is known in which a Ga,O,-based crystal film
is epitaxially grown on a Ga,O;-based substrate (see e.g. WO
2013/035464).

Referring to WO 2013/035464, when the Ga,O;-based
crystal film is grown on the Ga,O;-based substrate with a
(001)-oriented principal surface at a growth temperature of
700° C., the growth rate of the Ga,O,-based crystal film is
about 90 nm/h. Likewise, when the Ga,0;-based crystal film
is grown on the Ga,0;-based substrate with a (010)-oriented
principal surface at a growth temperature of 700° C., the
growth rate of the Ga,0;-based crystal film is about 130
nm/h.

SUMMARY OF THE INVENTION

The growth rate of the Ga,O5-based crystal film needs to be
higher, e.g., about 0.1 pm/h at the minimum, in terms of the
mass productivity of the Ga,O;-based crystal film. However,
even if the growth rate is sufficiently increased, the Ga,O;-
based crystal film with a poor crystalline quality or insuffi-
cient surface flatness may not be practically used.

It is an object of the invention to provide a method of
forming a Ga,0O;-based crystal film that allows a Ga,O;-
based crystal film with an excellent crystal quality and surface
flatness to be formed at a high growth rate suitable for the
mass productivity, as well as a crystal multilayer structure
including the Ga,O;-based crystal film formed by the
method.

According to one embodiment of the invention, a method
of forming a Ga203-based crystal film as defined in [1] to [3]
below is provided.

[1] A method of forming a Ga,O,-based crystal film, com-
prising epitaxially growing a Ga,0O;-based crystal film on a
(001)-oriented principal surface of a Ga,0;-based substrate
at a growth temperature of not less than 750° C.

[2] The method according to [1], wherein the principal
surface of the Ga,O,-based crystal film has a flatness of not
more than 1 nm in an RMS value.

[3] The method according to [1] or [2], wherein the Ga,O;-
based crystal film comprises a Ga,Oj; crystal film.

According to another embodiment of the invention, a crys-
tal multilayer structure as defined in [4] or [5] below is pro-
vided.

[4] A crystal multilayer structure, comprising:

a Ga,0O;-based substrate with a (001)-oriented principal
surface; and

aGa,0O;-based crystal film formed on the principal surface
of the Ga,0;-based substrate by epitaxial growth,

wherein the principal surface has a flatness of not more
than 1 nm in an RMS value.
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[5] The crystal multilayer structure according to [4],
wherein the Ga,O,-based crystal film comprises a Ga,O,
crystal film.

Effects of the Invention

According to one embodiment of the invention, a method
of forming a Ga,0;-based crystal film can be provided that
allows a Ga,O5-based crystal film with an excellent crystal
quality and surface flatness to be formed at a high growth rate
suitable for the mass productivity, as well as a crystal multi-
layer structure including the Ga,O,-based crystal film formed
by the method.

BRIEF DESCRIPTION OF THE DRAWINGS

Next, the present invention will be explained in more detail
in conjunction with appended drawings, wherein:

FIG. 1 is a vertical cross-sectional view showing a crystal
multilayer structure in a first embodiment;

FIGS. 2A and 2B are graphs showing a relation between a
growth temperature and flatness of a principal surface of a
Ga,0; crystal film when epitaxially grown on a (010)-ori-
ented principal surface of a Ga,O, substrate and a (-201)-
oriented principal surface of a Ga,O; substrate;

FIGS. 3A and 3B are graphs showing a relation between a
growth temperature and flatness of a principal surface of a
Ga,O; crystal film when epitaxially grown on a (101)-ori-
ented principal surface of a Ga,O; substrate and a (001)-
oriented principal surface of a Ga,O; substrate;

FIG. 4 is a graph showing a relation between growth tem-
perature and growth rate of the Ga,O; crystal film when
epitaxially grown on the (001)-oriented principal surface of
the Ga,Oj; substrate;

FIG. 5 is a graph showing X-ray diffraction spectra
obtained by X-ray rocking curve measurement on crystal
multilayer structures in which a Ga,Oj; crystal film is epitaxi-
ally grown on the (001)-oriented principal surface of the
Ga,0; substrate;

FIG. 6 is a graph showing X-ray diffraction spectra
obtained by 26-w scan on crystal multilayer structures in
which a Ga,O; crystal film is epitaxially grown on the (001)-
oriented principal surface of the Ga,O; substrate;

FIG. 7 is a vertical cross-sectional view showing a high-
electron-mobility transistor in a second embodiment;

FIG. 8 is a vertical cross-sectional view showing a MES-
FET in a third embodiment;

FIG. 9 is a vertical cross-sectional view showing a Schot-
tky-barrier diode in a fourth embodiment; and

FIG. 10 is a vertical cross-sectional view showing a MOS-
FET in a fifth embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

FIG. 1 is a vertical cross-sectional view showing a crystal
multilayer structure in the first embodiment. A crystal multi-
layer structure 1 has a Ga,0;-based substrate 10 and a Ga,O5-
based crystal film 12 formed on the Ga,O;-based substrate 10
by epitaxial crystal growth.

The Ga,0;-based substrate 10 is a substrate formed of a
Ga,0O;-based single crystal. The Ga,O,-based single crystal
here is referred to a Ga,O; single crystal or a Ga,O; single
crystal doped with an element such as Al and In, and may be,
e.g.,a(Ga,Al In,_, ,),0; (0<x=<l, O=<y<l, O<x+y=1)single
crystal which is a Ga,Oj single crystal doped with Al and In.
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The band gap is widened by adding Al and is narrowed by
adding In. The Ga,O; single crystal mentioned above has,
e.g., a f-crystal structure. The Ga,0;-based substrate 10 may
contain a conductive impurity such as Si.

The orientation of a principal surface 11 of the Ga,O;-
based substrate 10 is (001).

For forming the Ga,O;-based substrate 10, for example, a
bulk crystal of a Ga,0;-based single crystal is grown by
melt-growth method such as FZ (Floating Zone) method or
EFG (Edge Defined Film Fed Growth) method, is sliced and
is then surface-polished.

The Ga,0;-based crystal film 12 is formed of a Ga,O;-
based single crystal, similarly to the Ga,O;-based substrate
10. Since the Ga,O;-based crystal film 12 is formed on the
principal surface 11 of the Ga,O;-based substrate 10 by epi-
taxial crystal growth, the orientation of a principal surface 13
of the Ga,O;-based crystal film 12 is also (001) in the same
manner as the principal surface 11 of the Ga,0;-based sub-
strate 10. The Ga,O;-based crystal film 12 may contain a
conductive impurity such as Si.

The Ga,O,-based crystal film 12 is formed by, e.g., physi-
cal vapor deposition such as MBE (Molecular Beam Epitaxy)
method or chemical vapor deposition such as CVD (Chemical
Vapor Deposition) method.

The Ga,0;-based crystal film 12 is formed by epitaxial
growth at a growth temperature of not less than 750° C.
Flatness of the principal surface 13 of the Ga,O;-based crys-
tal film 12 is improved by growing at a growth temperature of
not less than 750° C. In detail, the RMS value of the principal
surface 13 is not more than 1 nm.

Here, the RMS value is a numerical value to be an index of
flatness, and is obtained by measuring a curve representing a
relation between vertical height and horizontal position of the
principal surface of the Ga,O; crystal film using an atomic
force microscope and then calculating the square root of the
means of the squares of the deviation from the average line to
the curve.

When manufacturing, e.g., Schottky diode or MESFET
(Metal-Semiconductor Field Effect Transistor) using the
crystal multilayer structure 1 with a large RMS value, there is
a possibility that electric field concentration occurs at a
Schottky electrode formed on the Ga,O,-based crystal film
12 and causes a decrease in element withstand voltage. This is
caused because an electric field is concentrated at raised
portions of irregularities on a bottom surface of the Schottky
electrode which is formed due to irregularities on the princi-
pal surface 13 of the Ga,0;-based crystal film 12. That the
RMS value is not more than 1 nm is known as a surface
roughness condition for the bottom surface of the Schottky
electrode to suppress the electric field concentration. In other
words, it is possible to suppress the electric field concentra-
tion at the Schottky electrode when the RMS value of the
principal surface 13 of the Ga,O;-based crystal film 12 is not
more than 1 nm.

In addition, the Ga,O5-based crystal film 12 with high
crystal quality is obtained by growing at a growth temperature
of not less than 750° C. If growth temperature is more than
900° C., re-evaporation of the supplied Ga drastically pro-
ceeds and the growth rate drops to Yo or less of the growth
rate at a growth temperature of 600° C. As such, lower growth
temperature is preferable from the viewpoint of efficiency of
raw material consumption. Therefore, growth temperature of
the Ga,0O;-based crystal film 12 is preferably not more than
900° C.

Since the Ga,0;-based crystal film 12 is excellent in crys-
tal quality and flatness of principal surface, it is possible to
form high-quality metal-semiconductor interface and insulat-
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4

ing film-semiconductor interface on the Ga,0;-based crystal
film 12. Therefore, it is possible to manufacture high-quality
semiconductor devices by using the crystal multilayer struc-
ture 1.

Evaluation of Ga,0;-Based Crystal Film

Results of evaluating flatness of principal surface, a growth
rate and crystal quality of the Ga,0;-based crystal film are
described below. For the evaluation, a Ga,0O; substrate was
used as the Ga,O,-based substrate and a Ga,O; crystal film
having a thickness of about 100 to 300 nm was formed as the
Ga,0;-based crystal film by the MBE method. Ozone was
used as an oxygen source for the Ga,Oj; crystal film.

FIGS. 2A and 2B are graphs showing a relation between a
growth temperature and flatness of a principal surface of a
Ga,0; crystal film when epitaxially grown on a (010)-ori-
ented principal surface of a Ga,O, substrate and a (-201)-
oriented principal surface of a Ga,0O; substrate.

FIGS. 3A and 3B are graphs showing a relation between a
growth temperature and flatness of a principal surface of a
Ga,0; crystal film when epitaxially grown on a (101)-ori-
ented principal surface of a Ga,O; substrate and a (001)-
oriented principal surface of a Ga,0O; substrate.

In FIGS. 2A, 2B, 3A and 3B, the horizontal axis indicates
growth temperature (° C.) of a Ga,O; crystal film and the
vertical axis indicates an RMS value (nm) of the principal
surface of the Ga,O; crystal film. The RMS value was calcu-
lated on an atomic force microscope image within an area of
1 pm square.

FIGS. 2B and 3A show that, when the orientation of the
principal surface of the Ga, O, substrate is (-201) or (101), a
Ga,0; crystal film excellent in flatness (e.g., the principal
surface with the RMS value of not more than 1 nm) is not
obtained regardless of growth temperature. A Ga,O, crystal
film with low flatness could be polished to improve flatness
but this increases the number of processes and causes a result-
ing increase in the manufacturing cost, hence, it is not pref-
erable.

Meanwhile, FIG. 2A shows that, when the orientation of
the principal surface of the Ga,O; substrate is (010), a Ga, O,
crystal film having the principal surface with the RMS value
of' not more than 1 nm is obtained at a growth temperature of
about 550 to 650° C. However, it is not possible to obtain a
Ga,0j; crystal film with high crystal quality at a growth tem-
perature of about 550 to 650° C. In detail, for example, an etch
pit density of the Ga, O, crystal film is about 10° cm~ when
forming at a growth temperature of 600° C. but decreases to
about 10* cm~ when forming at a growth temperature of 700°
C. (i.e., defects decrease to Yioo). A Ga,O, crystal film with
quality equivalent to the Ga,O, substrate, of which the etch
pit density is about 10* cm™2, is obtained by setting the growth
temperature to not less than 700° C.

However, as seen in FIG. 2A, it is not possible to obtain a
Ga,0j; crystal film having a principal surface with the RMS
value of not more than 1 nm at not less than 700° C. This
shows that it is difficult to obtain a Ga,Oj crystal film excel-
lent in both crystal quality and flatness of principal surface
when the orientation of the principal surface of the Ga,Oj,
substrate is (010).

Meanwhile, FIG. 3B shows that, when the orientation of
the principal surface of the Ga,O; substrate is (001), a Ga, O,
crystal film having the principal surface with the RMS value
of' not more than 1 nm is obtained at a growth temperature of
not less than 750° C.

Similar evaluation results to the above are obtained both
when another Ga,O5-based substrate is used in place of the
Ga,0; substrate and when another Ga,O5-based crystal film
is formed instead of forming the Ga,O; crystal film. In other
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words, when the orientation of the principal surface of the
Ga,0O;-based substrate is (001), a Ga,0;-based crystal film
having the principal surface with the RMS value of not more
than 1 nm is obtained by growing at a growth temperature of
not less than 750° C.

FIG. 4 is a graph showing a relation between growth tem-
perature and growth rate of the Ga,O; crystal film when
epitaxially grown on the (001)-oriented principal surface of
the Ga,Oj; substrate.

In FIG. 4, the horizontal axis indicates growth temperature
(° C.) of the Ga,O, crystal film and the vertical axis indicates
a growth rate (um/h) of the Ga,O; crystal film.

It is understood from FIG. 4 that a growth rate at a growth
temperature of not less than 750° C., at which the Ga,O,
crystal film having the principal surface with the RMS value
of not more than 1 nm is obtained, is lower than the growth
rate at a relatively row growth temperature of 600 to 700° C.
but is about 0.4 um/h which does not cause any problem for
mass production of the Ga,O; crystal film.

Similar evaluation results to the above are obtained both
when another Ga,O;-based substrate is used in place of the
Ga,O; substrate and when another Ga,O,-based crystal film
is formed instead of forming the Ga,O; crystal film. In other
words, when the orientation of the principal surface of the
Ga,0;-based substrate is (001), a growth rate of about 0.4
um/h is obtained at a growth temperature of not less than 750°
C.

FIG. 5 is a graph showing X-ray diffraction spectra
obtained by X-ray rocking curve measurement on crystal
multilayer structures in which a Ga,O; crystal film is epitaxi-
ally grown on the (001)-oriented principal surface of the
Ga,O; substrate.

In FIG. 5, the horizontal axis indicates an incidence angle
 (degree) of an x-ray and the vertical axis indicates diffrac-
tion intensity (arbitrary unit) of the x-ray.

FIG. 5 shows a spectrum of the Ga,O; substrate (without
Ga,0; crystal film) and spectra of crystal multilayer struc-
tures in which the Ga,O; crystal film is epitaxially grown
respectively at 600° C., 650° C., 700° C., 725° C., 750° C. and
775° C. In FIG. 5, a diffraction peak in each spectrum is a
diffraction peak of (002) plane.

FIG. 5 shows that the diffraction peak of the any of the
crystal multilayer structures has substantially the same half
width as the diffraction peak of the Ga,O; substrate. This
shows that a Ga,O; crystal film with small variation in a
crystal orientation is obtained by growing at any growth tem-
perature between 600 to 775° C.

Similar evaluation results to the above are obtained both
when another Ga,O;-based substrate is used in place of the
Ga,0; substrate and when another Ga,O;-based crystal film
is formed instead of forming the Ga,O; crystal film. In other
words, when the orientation of the principal surface of the
Ga,0O;-based substrate is (001), it is possible to obtain a
Ga,0;-based crystal film with small variation in a crystal
orientation by growing at any growth temperature between
600 to 775° C.

FIG. 6 is a graph showing X-ray diffraction spectra
obtained by 26-w scan on crystal multilayer structures in
which a Ga,Oj crystal film is epitaxially grown on the (001)-
oriented principal surface of the Ga,O, substrate.

InFIG. 6, the horizontal axis indicates an angle 26 (degree)
formed between incidence and reflection directions of an
x-ray and the vertical axis indicates diffraction intensity (arbi-
trary unit) of the x-ray.

FIG. 6 shows a spectrum of the Ga,O; substrate (without
Ga,0; crystal film) and spectra of crystal multilayer struc-

10

20

25

30

40

45

55

65

6

tures in which the Ga,O; crystal film is epitaxially grown
respectively at 600° C., 650° C.,700° C.,725° C.,750° C. and
775° C.

FIG. 6 shows that a diffraction peak of (-401) plane, which
occurs due to presence of heterogeneous phase and is
observed in spectra of the crystal multilayer structures having
a Ga,O; crystal film grown at a growth temperature between
600 to 725° C., disappears in spectra of the crystal multilayer
structures having a Ga,O, crystal film grown at a growth
temperature of not less than 750° C. This shows that a single-
phase Ga,O; crystal film is obtained by growing at a growth
temperature of not less than 750° C. The broad peak around
20=26° occurs due to diffraction from a substrate holder of an
X-ray diftractometer.

In addition, the etch pit density of the Ga,Oj; crystal film
formed at a growth temperature of 750° C. is about 10* cm™>
and is substantially equal to the etch pit density of the Ga,O;
substrate which is also about 10* cm™. This shows that the
Ga,0; crystal film has high crystal quality equivalent to the
Ga,0; substrate.

Similar evaluation results to the above are obtained both
when another Ga,O5-based substrate is used in place of the
Ga,O; substrate and when another Ga,O,-based crystal film
is formed instead of forming the Ga,O; crystal film. In other
words, when the orientation of the principal surface of the
Ga,0;-based substrate is (001), a single-phase Ga,0;-based
crystal film is obtained by growing at a growth temperature of
not less than 750° C.

Considering the evaluation results obtained from the X-ray
diffraction spectra in FIG. 5 together with the evaluation
results obtained from the X-ray diftraction spectra in FIG. 6,
it is understood that a Ga,0;-based crystal film excellent in
crystal quality is obtained by growing at a growth temperature
of not less than 750° C.

Second Embodiment

A high-electron-mobility transistor (HEMT), which is one
of semiconductor devices including the Ga,O;-based sub-
strate 10 and the Ga,0;-based crystal film 12 of the first
embodiment, will be described as the second embodiment.

FIG. 7 is a vertical cross-sectional view showing a high-
electron-mobility transistor in the second embodiment. A
high-electron-mobility transistor 2 includes the Ga,O;-based
substrate 10 and the Ga,0;-based crystal film 12 of the first
embodiment. The high-electron-mobility transistor 2 further
includes an electron supply layer 21 on the principal surface
13 of'the Ga,0;-based crystal film 12, and a gate electrode 23,
a source electrode 24 and a drain electrode 25 which are
provided on the electron supply layer 21. The gate electrode
23 is arranged between the source electrode 24 and the drain
electrode 25.

The gate electrode 23 is in contact with a principal surface
22 of the electron supply layer 21, thereby forming a Schottky
junction. Meanwhile, the source electrode 24 and the drain
electrode 25 are in contact with the principal surface 22 of the
electron supply layer 21, thereby forming an ohmic junction.

In the second embodiment, the Ga,O;-based substrate 10
contains group II elements such as Mg and has high electrical
resistance. Meanwhile, the Ga,0;-based crystal film 12 is of
an i-type and functions as an electron transit layer.

The electron supply layer 21 is formed of, e.g., a
B-(AlGa),O; single crystal doped with a donor such as Si or
Sn and is formed by epitaxial growth on the Ga,0;-based
crystal film 12.

Since the Ga,0;-based crystal film 12 and the electron
supply layer 21 have different band gaps, discontinuity of
bands occurs at the interface therebetween, electrons gener-
ated from the donor in the electron supply layer 21 are con-
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centrated on the Ga,O;-based crystal film 12 side and are
distributed in a region in the vicinity of the interface, and an
electron layer called two-dimensional electron gas is thereby
formed.

As such, a first depletion layer due to the Schottky junction
with the gate electrode 23 and a second depletion layer due to
the formation of two-dimensional electron gas are produced
in the electron supply layer 21. The electron supply layer 21
has such a thickness that the first depletion layer is in contact
with the second depletion layer.

Voltage is applied to the gate electrode 23 to change the
thicknesses of the first and second depletion layers and to
adjust the concentration of the two-dimensional electron gas,
thereby controlling a drain current.

The thickness of the Ga,0;-based crystal film 12 is not
specifically limited but is preferably not less than 1 nm. In
addition, the thickness of the electron supply layer 21 is set
between 0.001 and 1 pm depending on a doping concentra-
tion.

In the high-electron-mobility transistor 2, since flatness of
the principal surface 13 of the Ga,0;-based crystal film 12 is
high, flatness of the principal surface 22 of the electron supply
layer 21 formed on the Ga,0;-based crystal film 12 is also
high and electric field concentration at the gate electrode 23
forming, together with electron supply layer 21, a Schottky
junction is suppressed. Therefore, a decrease in withstand
voltage performance of the high-electron-mobility transistor
2 is suppressed.

Third Embodiment

A MESFET (Metal-Semiconductor Field Effect Transis-
tor), which is one of semiconductor devices including the
Ga,0;-based substrate 10 and the Ga,O;-based crystal film
12 of the first embodiment, will be described as the third
embodiment.

FIG. 8 is a vertical cross-sectional view showing a MES-
FET in the third embodiment. A MESFET 3 includes the
Ga,0O;-based substrate 10 and the Ga,O;-based crystal film
12 of the first embodiment. The MESFET 3 further includes
agateelectrode 31, a source electrode 32 and a drain electrode
33 which are provided on the Ga,O,-based crystal film 12.
The gate electrode 31 is arranged between the source elec-
trode 32 and the drain electrode 33.

The gate electrode 31 is in contact with the principal sur-
face 13 of the Ga,0;-based crystal film 12, thereby forming a
Schottky junction. Meanwhile, the source electrode 32 and
the drain electrode 33 are in contact with the principal surface
13 of the Ga,O;-based crystal film 12, thereby forming an
ohmic junction.

In the third embodiment, the Ga,0;-based substrate 10
contains group II elements such as Mg and has high electrical
resistance.

In the third embodiment, the Ga,O,-based crystal film 12 is
of'an n-type and the donor concentration thereof in the vicin-
ity of contact areas with the source electrode 32 and with the
drain electrode 33 is higher than that in the remaining portion.

The thickness of the depletion layer in the Ga,0;-based
crystal film 12 under the gate electrode 31 is changed by
controlling bias voltage applied to the gate electrode 31,
thereby allowing a drain current to be controlled.

Inthe MESFET 3, since flatness of the principal surface 13
of the Ga,0;-based crystal film 12 is high, electric field
concentration at the gate electrode 31 forming, together with
the Ga,0;-based crystal film 12, a Schottky junction is sup-
pressed. Therefore, a decrease in withstand voltage perfor-
mance of the MESFET 3 is suppressed.

10

15

20

25

30

35

40

45

50

55

60

65

8

Fourth Embodiment

A Schottky-barrier diode, which is one of semiconductor
devices including the Ga,0;-based substrate 10 and the
Ga,0;-based crystal film 12 of the first embodiment, will be
described as the fourth embodiment.

FIG. 9 is a vertical cross-sectional view showing a Schot-
tky-barrier diode in the fourth embodiment. A Schottky-bar-
rier diode 4 includes the Ga,O,-based substrate 10 and the
Ga,0;-based crystal film 12 of the first embodiment. The
Schottky-barrier diode 4 further includes a Schottky elec-
trode 41 on the principal surface 13 of the Ga,O;-based
crystal film 12 and an ohmic electrode 42 on a principal
surface 14 of the Ga,O;-based substrate 10 opposite to the
principal surface 11.

The Schottky electrode 41 is in contact with the principal
surface 13 of the Ga,O;-based crystal film 12, thereby form-
ing a Schottky junction. Meanwhile, the ohmic electrode 42 is
in contact with the principal surface 14 of the Ga,0;-based
substrate 10, thereby forming an ohmic junction.

In the fourth embodiment, the Ga,O;-based substrate 10
and the Ga,0;-based crystal film 12 are of an n-type and the
donor concentration of the Ga,O;-based crystal film 12 is
lower than that of the Ga,O;-based substrate 10.

When forward voltage (electric potential is positive on the
Schottky electrode 41 side) is applied to the Schottky-barrier
diode 4, the number of electrons moving from the Ga,O;-
based substrate 10 to the Ga,O;-based crystal film 12 is
increased. As aresult, a forward current flows from the Schot-
tky electrode 41 to the ohmic electrode 42.

On the other hand, when reverse voltage (electric potential
is negative on the Schottky electrode 41 side) is applied to the
Schottky-barrier diode 4, substantially no electric current
flows through the Schottky-barrier diode 4.

In the Schottky-barrier diode 4, since flatness of the prin-
cipal surface 13 of the Ga,O;-based crystal film 12 is high,
electric field concentration at the Schottky electrode 41 form-
ing, together with the Ga,0;-based crystal film 12, a Schottky
junction is suppressed. Therefore, a decrease in withstand
voltage performance of the Schottky-barrier diode 4 is sup-
pressed.

Fifth Embodiment

A MOSFET (Metal-oxide-Semiconductor Field Effect
Transistor), which is one of semiconductor devices including
the Ga,O;-based substrate 10 and the Ga,O;-based crystal
film 12 of the first embodiment, will be described as the fifth
embodiment.

FIG. 10 is a vertical cross-sectional view showing a MOS-
FET in the fifth embodiment. A MOSFET 5 includes the
Ga,0;-based substrate 10 and the Ga,O;-based crystal film
12 of the first embodiment. The MOSFET 5 further includes
an oxide insulating film 52, a gate electrode 51, a source
electrode 53 and a drain electrode 54 which are provided on
the Ga,O;-based crystal film 12. The insulating film 52 and
the gate electrode 51 are arranged between the source elec-
trode 53 and the drain electrode 54.

The gate electrode 51 is formed on the principal surface 13
of'the Ga,O;-based crystal film 12 via the insulating film 52.
Meanwhile, the source electrode 53 and the drain electrode 54
are in contact with the principal surface 13 of the Ga,O;-
based crystal film 12, thereby forming an ohmic junction.

In the fifth embodiment, the Ga,O;-based substrate 10
contains group II elements such as Mg and has high electrical
resistance.

It is possible to control a drain current flowing through the
Ga,0;-based crystal film 12 by controlling bias voltage
applied to the gate electrode 51.
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Inthe MOSFET 5, since flatness of the principal surface 13
of the Ga,O;-based crystal film 12 is high, it is possible to
provide a steep interface between the Ga,0;-based crystal
film 12 and the oxide insulating film 52 and thereby to sup-
press electric field concentration or a decrease in channel
mobility, etc.

Effects of the Embodiments

According to the embodiments, it is possible to form a
Ga,0;-based crystal film with excellent crystal quality and
principal surface flatness at a growth rate high enough for
mass production. In addition, since the Ga,O,-based crystal
film is excellent in crystal quality and flatness of principal
surface, it is possible to grow a good-quality crystal film on
the Ga,0;-based crystal film. Thus, use of the crystal multi-
layer structure including the Ga,O;-based crystal film in the
embodiment allows high-quality semiconductor devices to be
manufactured.

Although the embodiments of the invention have been
described, the invention is not intended to be limited to these
embodiments, and the various kinds of modifications can be
implemented without departing from the gist of the invention.

In addition, the invention according to claims is not to be
limited to the embodiments. Further, it should be noted that
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all combinations of the features described in the embodi-
ments are not necessary to solve the problem of the invention.

What is claimed is:

1. A method of forming a Ga,O;-based crystal film, com-
prising epitaxially growing a Ga,0O;-based crystal film on a
(001)-oriented principal surface of a Ga,O5-based substrate
at a growth temperature of not less than 750° C.

wherein the principal surface of the Ga,0;-based crystal

film has a flatness of not more than 1 nm in an RMS
value.

2. The method according to claim 1, wherein the Ga,O;-
based crystal film comprises a Ga,O; crystal film.

3. A crystal multilayer structure, comprising;

a Ga,O;-based substrate with a (001)-oriented principal

surface; and

a Ga,0;-based crystal film formed on the principal surface

of the Ga,0;-based substrate by epitaxial growth,
wherein the principal surface has a flatness of not more
than 1 nm in an RMS value.

4. The crystal multilayer structure according to claim 3,
wherein the Ga,O,-based crystal film comprises a Ga,O,
crystal film.



